The zebrafish gene, mind bomb (mib), encodes a protein that positively regulates of the Delta-mediated Notch signaling. It interacts with the intracellular domain of Delta to promote its ubiquitination and endocytosis. In our search for the mouse homologue of zebrafish mind bomb, we cloned two homologues in the mouse genome: a mouse orthologue (mouse mib1) and a paralogue, named mind bomb-2 (mib2), which is evolutionarily conserved from Drosophila to human. Both Mib1 and Mib2 have an E3 ubiquitin ligase activity in their C-terminal RING domain and interact with Xenopus Delta (XD) via their N-terminal region. Mib2 is also able to ligate ubiquitin to XD and shift the membrane localization of Delta to intracellular vesicles. Importantly, Mib2 rescues both the neuronal and vascular defects in the zebrafish mib ta52b mutants. In contrast to the functional similarities between Mib1 and Mib2, mib2 is highly expressed in adult tissues, but almost not at all in embryos, whereas mib1 is abundantly expressed in both embryos and adult tissues. These data suggest that Mib2 has functional similarities to Mib1, but might have distinct roles in Notch signaling as an E3 ubiquitin ligase.
The Notch signaling pathway is an evolutionarily conserved intercellular signaling mechanism, in which both the ligands and receptors are type 1 transmembrane proteins, thus restricting the Notch pathway to the regulation of interactions between physically adjacent cells (1) (2) (3) . To date, four Notch receptors and five ligands (Delta-like (Dll)-1, -3, and -4, and Jagged (Jag) 1 and 2) have been described in mammals. The interactions between these Notch receptors and ligands are essential for a wide range of developmental cell-to-cell interactions. When ligand-receptor interactions induce the sequential proteolytic cleavage events that release the intracellular domain of Notch receptor from the cell membrane, the Notch signaling pathway is activated (4 -6) . In the nucleus, the intracellular domain of Notch receptor forms a complex with CSL (CBF1/RBP-J, Su(H), Lag-1). This complex is a transcriptional activator, which induces the expression of genes encoding Hairy/Enhancer-of-split (HES)-related proteins, which inhibit the basic helix-loop-helix transcription factors (7, 8) . Many components of the Notch signaling pathway in Drosophila were originally identified by mutants that confer a similar neurogenic phenotype in early embryos. The mutations of these genes, such as notch, delta, E(SPL), mastermind, and neuralized, result in an increase of neural cells at the expense of epidermal structures (9) .
The signaling by Notch receptors involves three successive cleavages: the S1 cleavage in the trans-Golgi network by Furinlike proteases, the ligand-dependent extracellular S2 cleavage by metalloproteinases, and the intramembraneous S3 cleavage by ␥-secretase complexes to release the active intracellular domain of Notch receptor (10) . In the signaling cell, DeltaNotch interactions result in the endocytosis of Delta, which carries along the bound Notch extracellular domain, and the endocytosis-defective Delta mutants have reduced signaling capacity. The ligand-dependent extracellular S2 cleavage of Notch receptor is coupled to the trans-endocytosis of the Notch extracellular domain into the ligand expressing/signal sending cell (2) . To date, there are two candidate genes, Neuralized (Neur) and Mib, which promote the ubiquitination and endocytosis of Notch ligands. Recently, Itoh et al. (11) reported that Mib promotes the ubiquitination and endocytosis of zebrafish DeltaD and DeltaB.
Although Mind bomb and Neur might be key regulators in the endocytosis of Delta for the activation of Notch receptors, the molecular diversity of the vertebrate genes encoding five Notch ligands (Dll1, Dll3, Dll4, Jag1, and Jag2) and four Notch receptors (Notch1-4) in mammals suggests that there might be an additional E3 ubiquitin ligase that regulates Notch ligands. Indeed, all of these ligands have unique expression patterns, and the knock-out mice for each gene display a distinct phenotype. In parallel with the diversity of the ligands, more complex endocytic machinery might exist as well (12) (13) (14) (15) (16) (17) (18) (19) (20) . In our search for the mouse Mind bomb homologue, we found one Mind bomb orthologue (Mib1) and one Mind bomb paralogue, Mind bomb-2 Mib2 (AY974090) skeletrophin (21) . Here we show that Mib2 is another E3 ubiquitin ligase that ubiquitinates the Notch ligand, Delta, and promotes its endocytosis. We propose that Mib2 might be an important E3 ubiquitin ligase for Delta in the Notch signaling pathway.
MATERIALS AND METHODS

Cloning of the Mouse mib2 Gene and Generation of Mutations in the
Mib2 RING Finger Domain-PCR was carried out using mouse brain cDNA as the template and oligonucleotide primers designed to obtain the open reading frame of the mouse mib2 gene. The PCR for mib2 yielded a product of about 2750 bp, which was cloned into the hemagglutinin (HA) 1 -tagged pcDNA vector (Invitrogen) or the pEGFPN3 vector (Clontech). The mib2 mutants with mutations in the RING finger domain were generated using DpnI-mediated site-directed mutagenesis. All of the cloned cDNA vectors were confirmed by restriction enzyme digestion and DNA sequencing.
Northern Blot Analysis-Two probes were generated to detect the Nand C-terminal regions of Mib2. The PCR primers for the N-terminal probe (5Ј-probe) were mib2NL (CAGGTCGTGTGGTGGACAT) and mib2NR (GCTGTTGTGCTTGGTGAGAG). The PCR primers for the C-terminal probe (3Ј-probe) were mib2CL (GGTCGCTGTGATGT-GAATGT) and mib2CR (CTGCCTGTCGTCCCTGAAG). For the expression analysis in the mouse adult tissues, the Mouse Multiple Tissue Northern blot (Clontech) was hybridized with both probes.
Whole Mount in Situ Hybridization-Details of the RNA in situ hybridizations with zebrafish embryos were described for the various probes: huC (22) , flt4 (23) , and ephrinB2a (23) . To detect the ␤-galactosidase co-injected with the synthesized mRNAs, the embryos were fixed in 4% paraformaldehyde in phosphate-buffered saline at 4°C for 1 h and stained in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining buffer. In situ probes for mouse mib1 and mib2 were generated from HindIII-cleaved pcDNA-Mib1 and pcDNA-Mib2 expression vectors by Sp6 RNA polymerase (Fermentas). In situ probes for zebrafish mib1 and mib2 were cloned into pBluescript vectors (Invitrogen) and synthesized with SalI-cleaved vectors by T7 RNA polymerase (Fermentas). The PCR primers for the zebrafish mib1 probe were z-mib1L (AGCAGACGGCATTACACCTT) and z-mib1R (TACCTTTCCCTCCACAGCAC). The PCR primers for the zebrafish mib2 probe were z-mib2L (ACATCAACATCCGCAACAAC) and z-mib2R (CGCTCCTCCATCTGTCTGTA).
Cell Culture and Transfections-HEK-293A or HeLa cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and antibiotics. Cells were transfected with appropriate amounts of plasmid DNA using Lipofectamine Plus (Invitrogen). Cells were harvested 24 -48 h after transfection in 1 ml of lysis buffer (10 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA) containing protease inhibitors (Roche). The lysates were sonicated several times, and the insoluble debris was removed by centrifugation. Aliquots of the supernatants, containing 15-40 g of protein, were separated on a polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membrane was blotted with the primary antibody of interest and a secondary antibody. To detect the immunoreactive bands, ECL plus was used (Amersham Biosciences).
Zebrafish Maintenance and mRNA Microinjections-Zebrafish were raised and maintained under standard conditions. The zebrafish mutant mib ta52b was used as the mib1 mutant. The mouse mib2 cDNA was subcloned into the pCS2ϩ vector and the sense RNA encoding fulllength mouse mib2 was transcribed in vitro using the SP6 Message Machine (Ambion, Austin, TX). The synthesized mib2 mRNA was microinjected into one-cell or two-cell stage zebrafish embryos. The amount of mRNA (ϳ100 pg) injected into the embryos was visually estimated from the injection volume.
Immunoprecipitation-HEK-293A cells, transfected with 4 g of plasmid DNA per 10-cm plate, were resuspended in IP buffer (50 mM HEPES/NaOH (pH 7.5), 3 mM EDTA, 3 mM CaCl 2 , 80 mM NaCl, 1% Triton X-100, 5 mM dithiothreitol). After the cells were disrupted, the extracts were centrifuged to remove the debris. The supernatants were cleared using protein A/G Plus-agarose (Santa Cruz Biotechnology) at 4°C for 1 h. The indicated proteins were immunoprecipitated by the addition of protein A/G beads pre-complexed with an anti-HA antibody or anti-Myc antibody at 4°C for 8 h. The immune complexes bound to the protein A/G beads were washed with IP buffer and boiled in 2ϫ SDS gel loading buffer, and the eluted proteins were electrophoresed on a polyacrylamide gel. Immunoreactive proteins were analyzed by immunoblotting with an anti-Myc antibody (Santa Cruz Biotechnology) or anti-Ub antibody (P4D1; Santa Cruz Biotechnology) followed by either a goat anti-mouse horseradish peroxidase-conjugated antibody (Promega) or an anti-HA horseradish peroxidase-conjugated antibody (Santa Cruz Biotechnology).
In Vitro and in Vivo Ubiquitination Assays-In vitro ubiquitination assays were modified from those previously described (11) . Briefly, the reactions contained ubiquitin-activating enzyme (E1; Calbiochem), glutathione S-transferase (GST)-tagged ubiquitin-conjugating enzyme Ubc5a (E2; Calbiochem), N-terminal His-tagged ubiquitin (Sigma), and ATP (2 mM). The purified GST-fused Mib1 and Mib2 RING and their mutants were added to the reactions. After incubation at room temperature, the reactions were analyzed by Western blotting to detect the ubiquitinated proteins.
To detect the ubiquitination activity in vivo, HEK-293A cells were transfected with 4 g of plasmid DNA per 10-cm plate. MG132 (2 M) was added 24 h after transfection, and the cells were harvested 24 h later. The lysates were prepared in RIPA buffer (2 mM Tris-Cl (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.025% SDS), and clarified by centrifugation. The supernatants were immunoprecipitated and the immunoreactive proteins were detected with an anti-ubiquitin antibody (P4D1; Santa Cruz Biotechnology) followed by an anti-mouse horseradish peroxidase-conjugated antibody (Promega).
Subcellular Localization Analysis-HeLa cells were transfected with various plasmids. At 24 h post-transfection, the cells were washed in phosphate-buffered saline and fixed in 4% paraformaldehyde with 3% sucrose for 30 min at 4°C. The fixed cells were incubated in blocking solution (3% skim milk and 0.1% Triton X-100 in phosphate-buffered saline) overnight at 4°C, and then stained with mouse anti-Myc and anti-HA antibodies (Santa Cruz Biotechnology) in 3% skim milk in phosphate-buffered saline for 1 h at room temperature. Subsequently, the cells were incubated with an anti-mouse antibody conjugated with TRITC for 30 min at room temperature. The cells were washed and then stained with Hoechst (10 g/ml) for 2 min. After three washes, the cells were mounted on glass slides and analyzed with a Zeiss fluorescent microscope. All images were collected on a Zeiss AxioCam HRc camera.
RESULTS
Mib2 Is a Mib1 Paralogue-Zebrafish
Mib1 is a E3 ubiquitin ligase that is an essential component of Notch signaling in lateral inhibition (11) . By searching the EST and genomic databases, we found that the human and mouse genomes contained one mib orthologue (mib1, AY974091) and one mib paralogue, mind bomb-2 (mib2, AY974090). To investigate the function of Mib2, its cDNA was cloned and amplified through reverse transcriptase-PCR from mouse brain and thymus RNA. During sequence confirmation, we found that it has several splicing variants. To clone the dominant form among the splicing variants, we compared the restriction enzyme digestion patterns and the sequences of independently subcloned cDNAs. From this comparison, we concluded that there were two major splicing variants. We also amplified the variable region of these two variants to determine the most abundant form in the various tissues. One of the two variants represented about 70% of the total mib2 transcripts, with slight differences in the various tissues. We also found that part of the mib2 amino acid sequences differs from the sequence of skeletrophin in the NCBI database. However, extensive confirmations of the different regions revealed that our sequence is correct (Fig. 1A) .
Mouse Mib1 and Mib2 have 36% identity and 52% similarity in their amino acid sequences, and they also have remarkable resemblance in their domain organization (Fig. 1, A and B) . Mib2 has two herc2/mib domains, one ZZ zinc finger, one mib repeat, ankyrin repeats, and two RING domains (11) . All of these domains are organized in a similar manner as compared with those of Mib1. Mib2 appears to be evolutionarily conserved from Drosophila to human (data not shown). Northern blot analyses using 5Ј-and 3Ј-probes revealed a 4.4-kb mib2 transcript, which could include its open reading frame (ϳ2.8-kb). We could not distinguish the splicing variants, which might be because of a small difference in the nucleotide length. mib2 was highly expressed in the heart, brain, liver, and kidney (Fig. 1C) , whereas mib1 was highly expressed in testis (data not shown). The different expression patterns of these two genes suggest a distinct role of mib2 in vivo as compared with those of mib1.
Mib2 Is an E3 Ubiquitin Ligase-Zebrafish Mib1 has an E3 ubiquitin ligase activity with Delta, both in vitro and in vivo (11) . Based on the sequence homology and the similar domain organization, we speculate that Mib2 might have a similar biochemical activity. To test the intrinsic ubiquitin ligase activity of the Mib2 RING finger in vitro, GST-Mib2 RING finger fusion proteins were incubated with ubiquitin-activating enzyme (E1) and ubiquitin-conjugating enzyme (E2), ubiquitin, and ATP. The presence of ubiquitinated substrates was detected by Western blotting. As expected, a typical reaction mixture containing the RING finger domain from Mib1 resulted in a smear of high molecular weight polyubiquitinated substrates (Fig. 2B, lane 2) , whereas a similar reaction containing GST was devoid of such activity (Fig. 2B, lane 1) . When GST-Mib2 RING was tested in this assay, we observed robust ubiquitination in an E1 and E2 (UbcH5a) dependent manner (Fig. 2B, lanes 3-5) , indicating that Mib2 RING possesses an E3 ubiquitin ligase activity.
Because Mib2 contains two RING finger domains, we tested which domain is necessary for the E3 ubiquitin ligase activity. We generated three RING mutant proteins that have a mutation in the first RING domain (Rmut1; C822S), the second RING domain (Rmut2; C899S), and both domains (Rmut3; C822S and C899S). In the mutant proteins containing a mutation in the second RING domain, the ubiquitination activity was strongly diminished (Fig. 2C, lanes 4 and 5) , whereas the mutation in the first RING domain did not affect the selfubiquitination activity, indicating that the second Mib2 RING is directly responsible for the ubiquitin ligation in this reaction.
To test the self-ubiquitination activity of Mib2 in vivo, HEK-293A cells were transfected with plasmids encoding full-length Mib2-GFP and Mib1-GFP. At 36 h post-transfection, whole cell lysates were immunoprecipitated with an anti-GFP (B2) antibody and immunoblotted with an anti-Ub (P4D1) antibody. Both Mib1 and Mib2 displayed increased levels of ubiquitination activity as compared with the mock-transfected control, and ubiquitination was dramatically increased in the presence of the proteosome inhibitor, MG132 (Fig. 2D, lanes 3 and 5) , suggesting the proteosomal degradation of these ubiquitinated proteins.
Mib2 Interacts with Xenopus Delta Ligand-Both zebrafish Mib1 and Drosophila Neur interact with Delta, and they ubiquitinate it to target it to the cellular endocytic machinery (11, 24, 25) . To test the possibility that Mib2 also interacts with and ubiquitinates Delta, HA-tagged Mib2 (HA-Mib2) was co-transfected with either myc-tagged Xenopus Delta (XD-myc) or Xenopus Delta without its intracellular domain (XD-⌬icd-myc) in HEK-293A cells. HA-Mib2 was immunoprecipitated with an anti-HA antibody and immunoblotted with an anti-Myc antibody to detect the co-immunoprecipitation of Myc-tagged ligands. The results showed that both Mib1 and Mib2 interact with XD, but not with XD-⌬icd (Fig. 3B) . These data indicate that Mib2 binds to XD and that the intracellular domain of Delta ligand is essential for the interaction with Mib2.
To identify the region of Mib2 that interacts with Delta 1-427) , the middle region (amino acids 319 -785), and the C-terminal region (amino acids 778 -921) (Fig. 3A) . All of the Mib2 forms were immunoprecipitated with an anti-HA antibody and immunoblotted with an anti-Myc antibody to detect the coimmunoprecipitation of XD-myc. Both full-length Mib2 and the truncated protein that included the N-terminal region were co-immunoprecipitated with XD-myc (Fig. 3C, lanes 2  and 3) . Taken together, these results indicate that Mib2 interacts with the intracellular domain of Delta through its Nterminal region.
Mib2 Ubiquitinates Xenopus Delta Ligand-Zebrafish Mib1 interacts with Delta through its N-terminal and middle regions, and the Zebrafish Mib1 RING finger domain is responsible for the ubiquitination of Delta (11) . Because Mib2 also showed comparable activities in terms of self-ubiquitination and interaction with Delta, we examined whether it promotes ubiquitination of Delta. Accordingly, XD-myc and the candidate E3 ubiquitin ligases were co-transfected in HEK-293A cells. XD-myc was immunoprecipitated by an anti-Myc antibody, and the presence of ubiquitinated XD-myc was detected with an anti-Ub antibody. The ubiquitination of XD-myc was enhanced in the presence of both HA-Mib2 and HA-Mib1 (Fig.  3D, lanes 3 and 6) . As expected, Mib2 mutant 3, which has mutations in the first and second RING domains (C822S and C899S), showed a basal level of ubiquitination, and the Cterminal region of Mib2, which does not bind Delta, showed a relatively low level of ubiquitination (Fig. 3D, lanes 4 and 5) . From these data, we concluded that Mib2 interacts with and ubiquitinates Delta through its N-terminal region and RING finger domain, respectively.
Mib2 has two RING finger domains, and the second Mib2 RING is directly responsible for self-ubiquitination (Fig. 2C) . To test whether both RING finger domains are essential for the ubiquitination of Delta, Mib2 mutant proteins with point mutations in their RING finger domain (Mut1, 2, and 3 as previously described) were co-transfected with XD-myc. Unexpectedly, none of these mutants ubiquitinated XD-myc in vivo (Fig.  4B, lanes 3-5) , despite the self-ubiquitination activity of the Mib2 RING mutant (Rmut1; C822S) in vitro (Fig. 2C, lane 3) . These data indicate that both RING domains in Mib2 are essential for proper ubiquitination of its substrate, Delta.
Mib2 Changes the Subcellular Localization of Xenopus Delta Ligand-To characterize the subcellular localization of Mib2, we used subcellular markers that distinguish the intracellular subcompartments (26) . HeLa cells transfected with Mib2-GFP were stained with specific antibodies for the endogenous markers, EEA1 (early endosome antigen 1; early endosome), M6PR (mannose 6-phosphate receptor; late endosome), or HA-Hrs (hepatocyte responsive serum phosphoprotein; ubiquitinated cargo). Interestingly, Mib2-GFP co-localized with the early endosomal marker, EEA1, but not with M6PR or Hrs (supplemental materials Fig. 1 ). Taken together, these results indicate that Mib2 is an endosomal protein localized in the early endosomal compartments.
In general, the ubiquitination of membrane proteins serves as a tag for endocytosis or for lysosomal targeting (27, 28) . To test whether Mib2 promotes the endocytosis of Delta, we coexpressed XD-myc along with Mib2-GFP in HeLa cells. When Mib2-GFP alone was expressed, it was localized in the cytoplasm as punctate structures (Fig. 4C, b and bЈ) . XD-myc alone was expressed on the plasma membrane (Fig. 4C, a and aЈ) . In contrast, when both XD-myc and Mib2-GFP were co-expressed, XD-myc expression on the cell surface was decreased, and it accumulated in the cytoplasm as a vesicular structure, where it co-localized with Mib2-GFP (Fig. 4C, c and cЉ) . These observations suggest that Mib2 promotes vesicular accumulation of Delta. When mutant Mib2-GFPs with mutations in the RING finger domain (Mut1, Mut2, and Mut3) were co-transfected with XD-myc in HeLa cells, none of these mutants were able to promote endocytosis of XD-myc (Fig. 4C, d and dЉ, e and eЉ, and f and fЉ). As expected, endocytosis of XD-⌬icd was undetectable in the co-transfection of Mib2-GFP and XD-⌬icd, which does not interact with Mib2. Thus, both the E3 ubiquitin ligase activity of Mib2 and the intracellular domain of XD are required for Delta endocytosis.
Mib2 Rescues the Neurogenic and Vasculogenic Phenotypes of Zebrafish mib
ta52b Mutants-Because Mib2 has biochemical similarities to Mib1, such as ligand binding, the ubiquitin ligase activity, and the endocytic activity for Delta, we tested the possibility that Mib2 may rescue the defects in neurogenesis and vasculogenesis of the zebrafish mib1 mutant, mib ta52b . The zebrafish mib ta52b mutants exhibit massive neurogenesis, such as increased number of huC (early neuronal cell marker) expressing cells in neuroepithelium. Zebrafish embryos from mib ta52b heterozygote intercrosses were injected in one side at the two-cell stage with mRNA encoding zebrafish Mib1 (positive control) or mouse Mib2, and their effects on neurogenesis were assayed by examining huC expression at the three-somite stage. The ectopic overexpression of zebrafish mib1 reversed the massive huC expression in mib ta52b mutants compared with its non-injected side (Fig. 5A, left panel) . Interestingly, when mouse mib2 mRNA was ectopically overexpressed in the mib ta52b mutants, huC expression was also dramatically reduced as compared with that of the non-injected side (Fig. 5A, right panel) . Enlarged views revealed a lower density of huC-expressing cells in the mib2 mRNA-injected side in the mib ta52b mutants, suggesting that Mib2 is able to generate Notch signaling to inhibit the neuronal fate in the neuroepithelium (Fig. 5A, a and b) (11) . The zebrafish mib ta52b mutants also exhibited defects in arterial-venous differentiation, such as the loss of artery-specific markers and ectopic expression of venous markers within the dorsal aorta. The venous blood vessel marker flt4 is ectopically expressed within the dorsal artery (DA) in mib ta52b mutant embryos (Fig. 5B, upper middle panel) (23) . When mouse mib2 mRNA was injected in the one-cell stage of mib ta52b mutant embryos, flt4 became restricted to the posterior cardinal vein within the trunk at the 30-somite stage (Fig. 5B, upper  right panel) . In addition, when mouse mib2 was ectopically overexpressed in zebrafish mib ta52b mutants, the expression of the artery-specific marker, ephrinB2a, was normal, whereas uninjected mutant embryos failed to express ephrinB2a in the DA (Fig. 5B, lower middle and right panels) . Taken together, these data suggest that Mib2 has functional similarities to Mib1.
Expression of mib1 and mib2-Despite the biochemical and functional similarities between Mib1 and Mib2, the zebrafish mib ta52b mutants display severe defects in the Notch signaling pathway (11) . Because mouse mib2 mRNA injection into zebrafish mib ta52b mutants rescued the neurogenic and vasculogenic defects, we speculated that zebrafish mib2 (z-mib2) might not be expressed during embryonic stages. As expected, z-mib2 is expressed at a very low level in 24 h post-fertilization zebrafish embryos, as compared with zebrafish mib1 (z-mib1) (Fig. 6) . Likewise, mouse mib2 was slightly expressed in the tail bud and limb buds of E9.5 mouse embryos, and in the head region, tail bud, and limb buds of E10.5 mouse embryos, whereas mouse mib1 mRNA was highly expressed in the head region, tail bud, limb buds, and somites of both E9.5 and E10.5 mouse embryos (Fig. 7, A and B) . Interestingly, in the skin and intestine at postnatal day 1 (P1) and the adult intestine, mib1 and mib2 were expressed in similar patterns, in the hair follicles in the skin (Fig. 7, C and D) and the intestinal epithelium (Fig. 7, E-H) . In the P1 neonatal intestine, however, mib1 was highly expressed in the external muscle layer, whereas the expression of mib2 was only slightly detected. Overall, mib1 was highly expressed in both embryos and adult tissues, whereas mib2 was highly expressed in neonates and adults, but only slightly in embryos, suggesting that mib1 might have a dominant role during embryonic stages, and mib1 and mib2 might work cooperatively in neonates and adults. DISCUSSION Many E3 ubiquitin ligases are known to regulate Notch signaling (29) . They are divided in two groups, one group that ubiquitinates Notch receptor and the other group that regulates Notch ligands. Sel-10 ubiquitinates the intracellular domain of Notch, and Itch cooperates with Numb to stimulate the endocytosis of Notch receptors (30, 31) . Both Mind bomb and Neur ubiquitinate Delta and thus promote its endocytosis (11, 24, 25, 32) . In the present study, we have cloned mouse Mib2, another homologous protein of zebrafish Mib1. Mib2 interacts with and ubiquitinates Delta. Moreover, it changes the subcellular localization of Delta to a vesicular compartment, suggesting the endocytosis of this protein. Importantly, it rescues the defects in neurogenesis and vasculogenesis of the zebrafish mib ta52b mutants. Therefore, we concluded that Mib2 is another E3 ubiquitin ligase that targets the Notch ligand in the Notch signaling pathway.
Both mouse Mib1 and Mib2 have similar domain architectures, which consist of herc2/mib domains, a ZZ zinc finger, a mib repeat, ankyrin repeats, and RING domains. Two Mib homologues also exist in Drosophila, CG5841 and CG17492 (11) . CG5841 has 3 RING finger domains, whereas CG17492 A classical RING finger domain is defined by a specific pattern of cysteine and histidine residues that are involved in zinc binding, which is important for the folding of the domain and its activity. RING fingers are classified as RING-H2 or RING-HC, depending on whether the fifth zinccoordinating residue is a histidine (H2) or a cysteine (HC), respectively (33) . Both Mib1 and Mib2 are the RING-HC type and have an E3 activity with E2 Ubc5a in vitro (11, 34 ). An in vitro ubiquitination assay revealed that the first RING finger in Mib2 is not essential for its self-ubiquitination. However, ubiquitination and endocytosis of XD by Mib2 require both RING finger domains, indicating that both are physiologically essential in vivo. The cooperative activity of the two RING finger domains has not been elucidated. Therefore, studies on the intermolecular mechanism that transfers ubiquitin from E2 to the Notch ligands by Mib1 and Mib2 will provide insights into the interesting domain-domain interactions.
There are five zebrafish mib1 mutants (tfi91, m178, m132, tfi101, and ta52b) with mutations in the mib1 locus. The ta52b mutants display more severe phenotypes than the other mutants (35) . Three alleles of mib1, tfi91, m178, and m132, have a premature stop codon, and the other two, tfi101 and ta52b, have point mutations in the RING domain (ta52b, M1013R; and tfi101, C1009S) (11) . These findings raise the possibility that a point mutation in ta52b (Mib1-M1013R) could have dominant negative effects, which might be because of either blocking the wild type Mib1 that is translated from the maternal mRNA or blocking Mib2. Because mib2 is weakly expressed or absent in the very early stages of embryogenesis and mib1 is highly expressed maternally, it is more likely that Mib1-M1013R blocks the activity of the maternal Mib1 protein (11) . When mouse mib2 mRNA is FIG. 7 . Expression of mouse mib1 and mib2. A and B, whole mount in situ hybridization using mib2 (left) and mib1 (right) antisense probes in E9.5 (A) and E10.5 (B) C57Bl/6 embryos. Note that mib1 is broadly expressed throughout the body and highly expressed in the head region, pharyngeal arches (PA), presumptive limb buds (LB), tail bud (TB), and somites, whereas faint expression of mib2 was detected in the head region, presumptive limb buds and tail bud. C-H, in situ hybridization using mib2 (C, E, and G) and mib1 (D, F, and H) antisense probes in the skin (P1 skin, C and D) and the intestine (E-H) sections from postnatal day 1 (P1 intestine, E and F) and 8 weeks (intestine, G and H). Arrows indicate the unique expression of mib1 and arrowheads indicate the comparable expression of both mib1 and mib2. Magnification: ϫ100.
FIG. 6.
Expression of zebrafish mib1 and mib2. Whole mount in situ hybridization using zebrafish mib1 (z-mib1, upper panels) and mib2 (z-mib2, lower panels) antisense probes in the 3 somite, 24 h post-fertilization (hpf), and 72 hpf zebrafish embryos. Note that z-mib1 is highly expressed throughout these stages, whereas z-mib2 is expressed at very low levels. Arrowheads indicate the comparable expression levels of z-mib1 and z-mib2 in the 72 hpf embryos.
injected in the two-cell stage of mib ta52b embryos, the ectopic overexpression of Mib2 might override the dominant negative effects of Mib1-M1013R and compensate for the defects in neurogenesis and artery formation.
The expression of Mib1 and Mib2 overlaps in many adult tissues, but is unique in others. Mib2 is highly expressed in adult tissues, such as heart, brain, liver, kidney, skin, and small intestine. We could not observe Mib2 expression in the muscle, which is inconsistent with a previous report (21) . This discrepancy might be because of species difference between mouse and human. Mib1, also known as death-associated protein kinase-interacting protein (DIP-1), is expressed broadly in adult tissues but relatively highly in testis, ileum, and trachea (34) . Consistently, we also observed high expression of Mib1 in testis, skin, and small intestine, but low expression in a broad range of other tissues (data not shown). These overlapping and unique expression patterns of Mib1 and Mib2 suggest that these two E3 ligases may work cooperatively, but sometimes independently in the regulation of Notch ligands. Notch signaling is critical for the maintenance and the differentiation of adult stem cells, such as hematopoietic stem cells, basal layer cells in the skin, and neural stem cells (36 -38) . Aberrant Notch signaling is also intimately involved in several cancers, such as pre-T cell acute lymphoblastic leukemias (39) and skin and corneal tumors (40) . Many other human and mouse cancers, including certain neuroblastomas, and mammary, skin, cervical, and prostate cancers, are correlated with alterations in the Notch signaling pathways. Although the causal relationships await further characterization, these observations suggest broad roles for Notch dysfunction in cellular transformation, and both Mib1 and Mib2 might be involved in Notch signaling by regulating Notch ligands.
There are multiple Notch ligands, such as Delta and Serrate in Drosophila, four Delta homologues (Delta A, B, C, and D) and three Jagged homologues (Jag 1-3) in zebrafish, and three Delta-like ligands (Dll-1, -3, and -4) and Serrate-like ligands (Jagged-1 and -2) in mammals. For the regulation of these Notch ligands, two E3 regulators, Mib1 and Neur, have been identified so far. In the present study, we have identified a new E3 regulator, Mib2, that interacts with Delta and promotes its endocytosis through ubiquitination. Because the Notch signaling pathway is initiated when receptor-bearing cells interact with Notch ligands expressed by adjacent cells, we suggest that these three E3 ubiquitin-ligases might have critical roles in Notch activation, either cooperatively or independently.
